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Abstract
Genetic alterations, including somaclonal and culture variations, occur during the culture of plant
cells.
In this study, we established a colored cell line synthesizing anthocyanin as a variant of a
colorless cell line. We examined the insertions of transposable elements belonging to the Tdcl farnily in
both the colored and colorless cell lines by inverse polymerase chain reaction (IPCR) using the inverted

DNA

fragments differed in length between the
repeat sequence of Tdcl as a primer. Most amplified
colored and colorless cell lines. This reflected the different insertions of transposable elements
belonging to the Tdcl family in each of these cell lines, proposing that the movement of Tdcl elements
constitute one of the events causing genetic alteration in somaclonal and culture variations. One of
the insertion sites was located in the gene encoding an amino acid sequence similar to (S) ‑ reticuline

may

oxidase.
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and transgenic plants (Okamoto
and Hirochika, 2000; Kumar and Hirochika, 2001).
In suspension‑cultured cells of carrot (Daucus

original host plant

Introduction
insertion of a transposable element into a
often results in the inactivation of that gene,

The
gene

leading to a mutant phenotype. Transposable
ments are a valuable genetic tool with which to

ele‑

generate mutants and to isolate the genes tagged by
their insertion. New genes for which only a mutant
phenotype is known have been isolated by tagging

with endogenous transposable elements (for re‑
views, see lida et al., 1999; Maes et al., 1999;
Walbot, 2000). With recent advances in plant bio‑
technology and the production of transgenic plants,
the Ac and En/Spm transposable elements from
maize have been introduced into heterologous
plants to tag useful and novel genes (for reviews,
al., 1997;
see Osborne and Baker, 1995; Kunze et
Maes et al., 1999). Similar to tagging tools for class
Il transposable elements whose transposition inter‑
such as Ac and En/Spm super‑
mediates are
family elements, class I elements, which transpose
via RNA intermediates, have been used as genetic
tools to disrupt and identify new genes in both the

DNA

carota),

we

identified an

En/Spm‑ Iike transposable

element, Tdcl, present in the 5' flanking region of a
phenylalanine ammonia‑lyase gene (gDcPAL1),
which is induced by transferring the cells of carrot
suspension cultures into fresh liquid medium (the
transfer or dilution effect) (Ozeki et al., 1997). This
particular cell line has been subcultured contin‑
uously for 12 years. The original integration of
Tdcl into gDCPALI did not occur during the first
four years of subculture. Tdcl was first detected in
gDCPALI genomic clones of a genomic library

made from

the same cultured cell line after seven
subculture.
After 12 years of subculture,
years of
about 5‑ 10% of the cells had Tdcl inserted into the
gDCPALI gene. During the first 4‑7 years of sub‑

Tdcl may have inserted into gDCPALI in
Iog cells of one batch
one (or more) cell(s) of ca.
culture. The insertion of Tdcl into the gDCPAL1
gene reduced the activity of the gene's promoter
and the inducibility of gDCPALI by transfer‑dilu‑
tion. Consequently, a selective advantage was con‑
culture,
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ferred

cells with

an inactivated PAI. gene
under conditions of undifferentiated growth. There‑
fore, populations of cells with gDCPALI harboring
Tdcl in batch cultures of this line increased over the
last five years of culture (Ozeki et al., 1997). These
results indicate that the transposition of Tdcl is one
of the mechanisms causing somaclonal and culture

upon

variations in cultured carrot cells.
Two types of alterations may play important roles

mechanisms causing somaclonal and culture
variations in cultured plant cells. These are genetic
alteration, which is defined as the stable modifi‑
cation of a genomic
sequence, and epigenetic
alteration, which is defined as a modification in the
structure, organization, or regulation of the geno‑
type, and can be highly transmissible under stable
in the

DNA

However, very few data are
available on these mechanisms.
In this study, we established from a colorless
carrot cell line a variant colored cell line synthe‑
sizing anthocyanin. As an initial step in identifying
culture conditions.

how much

genetic alteration occurs between a

parent cell line and a culture variant cell line in
we used inverse polymerase chain reaction
(IPCR) to identify the different insertions of trans‑

plants,

posable elements belonging to the Tdcl family in
these two cell lines.

Materials and Methods

selection (Fig. IB).

Extraction of genomic

[PCR
Genomic
both

from

carrot cells of
using a previously described cetyl‑

digested with six‑base recognizlng restriction en‑
donucleases, e.g., BamHl, Hindlll. Xbal, or Xhol.
After phenol extraction and ethanol precipitation,
digested
was circularized by self‑ Iigation
with the TaKaRa Ligation Kit version 11 (TaKaRa

DNA

Biochemicals. Shiga, Japan), and ethanol precip‑
itated. Using circularized genomic
(50 ng) as

DNA

IPCR was performed in 40 /11 LA‑ PCR
mixture (TaKaRa Biochemicals), which was pre‑
template,

pared according to the supplier's recommendations
and contained 4 pmol of one primer, 5'‑
TCGCGTTTTCTTGTAGTG‑3', corresponding to
the complementary sequence of the terminal in‑
verted repeat of Tdcl (Ozeki et al., 1997). The
mixture was incubated for I min at 98 'C and then
,
polymerase was
1unit of TaKaRa LA‑It q
added. Forty arnplification cycles of PCR were
performed (30 s at 92 'C ;I min at 55 'C ;20 min at
68 'C ). After the IPCR, the amplified fragments
frag‑
were analyzed on 0.8% agarose gels.

DNA

DNA

'1 1

(BIOIOI

for use as probes in northern analysis

plaque hybridization with a carrot

Inc.,

and for

CDNA Iibrary.

the undiffierentiated colorless

carrot cell line
In 1986, a suspension‑cultured carrot cell line
was established from a carrot hypocotyl in liquid
modified Lin and Staba medium (Lin and Staba,
1961), as described by Fujimura and Komamine
(1975). At the time of initiation of cell division from
the hypocotyl in liquid medium, a red cell aggregate
was observed among the many colorless (yellow)
cell aggregates. Cell aggregates were poured onto
solid medium containing 0.8% agar, and the red and
yellow cell aggregates were independently picked
by hand and inoculated onto fresh solid medium.
After the calli had grown, small amounts of the red‑
colored part of the callus were picked manually
using forceps and inoculated onto fresh medium
(the "cell aggregate cloning method" reported by
Yamamoto et al., 1982). At monthly subculturing,
the cell aggregate cloning procedure was repeated
for more than seven years, and a colored cell line
synthesizing anthocyanin in medium containing 2,4
‑dichlorophenoxyacetic acid (2,4‑D) was estab‑
lished (Fig. IA). The colorless cell line was estab‑
lished

and

cells,

DNA was preparcd from

cell lines

ments were purified by GeneClean

Establishment of the colored anthocyanin‑‑synthe‑

and

carrol

trimethyl‑ammonium bromide (CTAB) method
(Ozeki et a/., 1993). Genomic DNA (100 ng) was

CA)
sizing cell line

DNA fro̲m

a yellow

cell

aggregate

without

Northern analysis,
sequencing
Total

RNA

CDNA

cloning,

and nucleotide

was extracted from cultured

carrot

poly (A') RNA, and northern
blotted as previously described (Ozeki et al. 1990).
,
Cells other than those of the colored cell lille (lane
l. Figs.
and 4) and the colorless cell line (lane 3,
Figs. 3 and 4) were prepared as follows. Cells of the
cells, purified to

3

embryogenic line (lane 2, Figs. 3 and 4) were
derived from hypocotyl explants using the method
of Osuga et al. (1999). Cells from a different carrot
suspension‑culture cell line grown in liquid me‑
dium containing 2,4‑ D were fractionated by sieving
and density‑gradient centrifugation in 12% Ficoll.
Cells floating on the Ficoll solution
transferred to liquid medium without

were then
2,4‑D and

cultured for seven days to induce anthocyanin
synthesis (lane 4. Figs.
and 4) (Ozeki and Koma‑
mine, 1981). Cells were induced to synthesize

3

2,4‑ D for six
days, after which the accumulation of anthocyanin
was suppressed by the addition of 2,4‑ D (5 x 10‑7
M) to the medium, and cells were cultured for one

anthocyanin

in liquid

medium without
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more day

(1ane 5, Figs.

3 and

4).

Another carrot

suspension‑ culture cell line was freshly established
and subcultured within one year of its establishment
in liquid medium containing 2,4‑D. Cells of this
line were fractionated by density‑gradient centrif‑
ugation

in

18%

Ficoll, then the cells prccipitated

the Ficoll solution

were transferred

to liquid

on

me‑

dium without 2,4‑D to induce embryogenesis
(Fujimura and Komamine, 1975). Cells were cul‑
tured for five days at the globular stage (lane 6,
Figs. 3 and 4), and cultured for eight days at the
torpedo stage (1ane 7, Figs. 3 and 4).
A CDNA Iibrary was prepared from poly (A )
RNA derived from anthocyanin‑synthesizing cells
ZAPII vector (Stratagene Co. Ltd., CA)
using a
according to the supplier's manual. The method
used to screen positive clones has been reported
previously (Ozeki et al., 1990). Plasmids containing
the CDNA were prepared using helper phage ac‑
cording to the supplier=s recommendations, and the
nucleotide sequence of the CDNA was determined
by preparation of serial deletion clones using Ex‑
onuclease 111 digestion fc]llowed by treatment with

mung‑bean nuclease (Ozeki et al. , 1990).
Results and Discussion
Establishment of the colored carrot cell line synthe‑
sizing anthocyanin with undlfferentiated growth in
medium containing 2,4‑
In 1986, we established a colored cell line in
which anthocyanin synthesis occurs with active cell
division in medium containing 2,4‑D (Fig. IA).
Since then, anthocyanin has been stably synthesized
by these cells and the callus has grown well with
monthly subculture for more than 12 years. Other
researchers have reported the establishment of an‑
thocyanin‑ synthesizing cell lines of D, carota from
cultivars other than that used here, with undiffer‑
entiated growth in medium containing auxin (Su‑
gano and Hayashi, 1967; Alfermann and Reinhard,
1971; Ibrahim et al., 1971; Schmitz and Seitz, 1972;
Dougall et al., 1980). Using D. carota cv. "Kuroda‑
gosun", we sometimes found anthocyanin ‑synthe‑
sizing aggregates just after the initiation of cell
division from the hypocotyl in medium containing
2,4‑D. However, in most cases, synthesis of antho‑
cyanin was unstable and the cells synthesizing and
accumulating anthocyanin disappeared at an early

D

stage during the establishment of the cell lines
(Ozeki, unpublished data). In normal cultured cell
lines of D. carota cv. "Kurodagosun" maintained in
medium containing 2,4‑D, anthocyanin synthesis
onlv occurs in cells fractionated by sieving and
Ficoll density‑gradient ccntrifugation and then

transferred to

which in‑
and Ko‑
is
added
to
However, when 2,4‑D

medium without

2,4‑‑D,

duces "metabolic differentiation" (Ozeki

maminc, :1981).
the medium, anthocyanin synthesis is ccmpletely
suppresscd and undifferentiatod growth occurs
(Ozeki and Komamine, 1981). In numerous experi‑
ments we have undertaken to establish carrot cell
cultures, the cell line reported here was the only
instance in which a colored cell line was established
that synthesizes anthocyanin during active cell
division in medium containing 2,4‑D. In this cell
line, the genes for enzymes involved in anthocyanin

synthesis and the MYB‑related genes, which may
regulate the expression of the genes for the enzymes
involved in anthocyanin synthesis, were expressed
continuously in medium containing 2,4‑ (data not

D

shown).
Detection and amplification by IPCR of DNA frag‑
lnents containing the sequences flanking the inser‑
tion sites of transposable elements of the Tdcl
family in the genomic DNA of the colored and
colorless cell lines

Recently, several methods have been established
to identify genes disrupted by the insertion of
transposable elements, such as transposon display
(TD, Van den Broeck et al., 1998), amplification of
insertion

mutagenized

sites

(AIMS, Frey

et al.,

1998), transposon insertion display (TID, Yeph‑
remov and Saedler, 2000), and simplified trans‑
display (STD. FukudaTanaka et al., 2001).

poson
These are powerful methods with which to identify
transposon‑ flanking sequences in plant species that
have more than a hundred copies of a transposable
element in their genomes. However, to achieve high
‑resolution in the detection and discrimination of
more than a hundred DNA fragments that are

adjacent to transposon ‑flanking sequences, the
amplified products must be displayed on an acry‑
lamide sequencing gel under denaturing conditions.
Because the amounts of amplified products are very

must be visualized with Lf 2p]‑labeling
or fluorescent labeling, and the products should be
shorter than several hundred base pairs. Therefore,
small, they

unlikely that the amplified fragments will
contain sequences of protein coding regions, be‑
it

is

cause the amplified fragments were too short. The
bands of interest are eluted from the gel and ampli‑
again by PCR, and a genomic library is
screened using the reamplified fragments as probes
to isolate the sequences of any coding regions

fied

neighboring the fragments. In contrast. IPCR is a
classical method (Tsuei et al., 1994; Souer et al.,
1995), easy but limited in application to the detec‑
tion of transposon‑flanking sequences (Hui et al.,
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1998). However, if the terminal inverted repeats of
the transposable elements are long enough to act as

primer sequences and the copy number of the
elements in the genome is not high, IPCR is a
convenient and powerful method with which to
isolate, on agarose gel, fragments longer than sev‑
eral kilobases containing the transposon‑flanking
sequences. These amplification products are used
directly for northern hybridization and CDNA
screening. Tdcl has a terminal inverted repeat

B mHI

Hindm

Xh I

sequence of 18 bp and its copy number is about 30
40 per genome (Ozeki et al., 1997), making it a

to

suitable target for

Genomic

Xbal

Fig.

6.6
4.4

2 DNA

IPCR from the
Genomic DNA was

fragments amplified by

colorless and colored lines.

prepared from the callus of the colorless cell line
(A) and the colored cell line that synthesizes

l‑

9.4

DNA

digested with BamHI, Hindlll,
Xhol, or Xbal, and self‑ Iigated to form circularized
DNA, was used as the template for IPCR, with a
single primer corresponding to the sequence of the
Tdcl terminal inverted repeat. Different patterns of
amplified fragments were observed for the colored
and colorless lines (Fig. 2). These results indicate

(kbp)

23

IPCR.

anthocyanin (B), and was digested with BamHl,

‑
‑

HladIII, hol, or Xbal followed by self‑ Iigation.
thus circularized was used as the template

DNA

‑

2.3

A2

‑
2J)‑

the

4B5

electrophoresis on 0.8% agarose, and visualized
with ethidium bromide staining.

A3‑
A1
1 2 3 4 5 6 7

(kni)

IPCR

with a single primer corresponding to
sequence of the Tdcl terminal inverted
repeat. Amplified fragments were separated b),
for

A2

A3

1 2 3 4 5 6 7

1 2 3 4 5 6 7

B2
l 2 3 4 5 6 7

l 2

7 46 ‑S
4 4() ‑ ?
2 37 ‑
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i:i ;" *=,*:j ;i: :

' $
" ';'+ '

o. 24

‑

..

; =S ;

t

41
in

that the transposable elements bclonging to the
Tdcl family had inserted into different positions in

quences

the colored and colorless lines.
Three fragments, A1, A2, and A3, were specifically
of the colorless
amplified from the genomic

Isolation

the

genomes of

DNA

and six fragments, B1, B2, B3, B4, B5, and
B6, were specifically amplified from the genomic

cell line,

DNA

of the anthocyanin‑synthesizing cell line
These nine fragments were purified from
the agarose gel and labeled with [32P]‑dCTP for use
(Fig. 3).
as probes in northern hybridization analysis
(Fig. 2).

the nine fragments, seven produced signals,
indicating that seven of the nine fragments con‑
tained transcribed sequences. If the transposable

Of

elements of the Tdcl family inserted with equal
probability into any position in the carrot genome,
the elements are more likely to be found in spacer
regions between genes than in or close to genes, and

consequently more fragments would produce no
signal with northern hybridization. It is not known
whether transposable elements insert preferentially
into particular positions in genomes or what such a
preferred nucleotide sequence in the genome might
be, but our results indicate that the insertion sites of
several elements belonging to the Tdcl family are

some fragments.

and characterization of a CDNA encoding
a sequence of the A1 fragment
Of the seven transcribed fragments amplified by
IPCR, the genes encoded by the A3 and B4 frag‑
ments were transcribed continuously in cells of all
cultured lines examined here, irrespective of the
differentiation state of the cells (Fig. 3). However,
some of the other fragments, e.g., A1, A2, B3, and

B5, exhibited different expression patterns in cells
in different differentiation states. The gene encoded
by the sequence in the Al fragment was not ex‑

pressed in colorless cells in medium containing 2,4‑
D (Fig. 3, Iane 3), but was expressed in cells in
which anthocyanin synthesis or embryogenesis was
induced (Fig. 3, Ianes 1, 4‑7). Using the A1 frag‑
ment as a probe, we screened a cDNA Iibrary
prepared from carrot cells synthesizing anthocyanin,

and isolated one positive clone. The
positive clone, designated

same expression

cDNA in

the

CAI CDNA, exhibited the
when used as a probe in

pattern
analysis
northern
as did the A1 fragment (Fig. 4).
revealed
The nucleotide sequence of CAI

cDNA

CA1

located in or close to genes.

Probes prepared from A1, A2, and A3, derived
from the colorless cell line, suggest that the Tdc
transposable elements had inserted into or close to

(knt)

1 2 3 4 5 6 7

encoded by the sequences in the frag‑
ments A1, A2, and A3. However, the gene encoded
by the sequence in the A3 fragment was expressed
the genes

in the colorless cells (Fig. 3, Iane 3). In contrast, the

fragments B1, B3, B4, and B5 were derived from
the colored anthocyanin‑synthesizing cell line, but
all these frag‑
genes encoded by the sequences in
anthocyanin‑synthesizing
in
expressed
ments were

cells (Fig, 3, Iane l).

These

results suggest

two

alternative interpretations. It is possible that, when
the element inserted close to the genes hybridized
with the probes, gene expression was not affected.

Alternatively, the element

may have

one gene of a multi‑gene family in the carrot
genome. These possibilities remain to be examined.
However, we here observed the differentiation ‑
specific expression of genes encoded by the se‑
Fig.

B4

inserted into
Fig.

Northern hybridization with CAI CDNA used
as probe. Poly (A') RNA was prepared as for
Fig. 3. The B4 fragment was used to control for
the amount of RNA Ioaded into each lane

4

Northern hybridization using IPCR‑ amplified fragments as probes. Poly (A') RNA was
prepared from the following cells: I the callus of the colored cell line, as shown in Fig.
IA; 2. embryogenic callus; 3, callus of the colorless cell line, as shown in Fig. IB; 4.
anthocyanin ‑ synthesizing cells in liquid medium lacking 2,4‑ D (Ozeki and Komamine,
1981); 5. anthocyanin ‑ synthesizing cells one day after the addition of 2,4‑ D (5 x 10 ?
M) to the medium; 6. cells at the globular stage; 7. cells at the torpedo stage. (Al), (A2),
(A3), (B1), (B2), (B3), (B4). CB5), and (B6) were prepared from DNA fragments by IPCR,

3

.

as

shown

in Fig. 2,

and used as hybridization probes.
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Fig' 5 Amino acid sequence of the open reading frame of CAI cDNA deduced from the
nucleotide sequence (accession number AB071704)' and its homology to (S) reticuline
‑
oxidase identified from a CDNA Iibrary of elicited cell ‑ suspension cultures of Califomia
poppy (Dittrich and Kutchan' 1991)' compared with one representative amino acid

Arabidcpsis t:haliana
california po y

sequence (accession number ABO11475) from the 12 Arabidopsis genes with Sequence
similarity to (S) reticuline oxidase (identified by the Arabidopsis Genome InitiatiVe'
‑
2000)' IdentiCal amino acids are shown on a black background' Hyphens indiCate
gaps in
the alignment' Sequence similarities in the ORFS of CAI and the Arabidopsis protein' and

between CAI and the California poppy
that its

protein' are

deduced amino acid sequence has some

A

(S)reticuline oxidase (Fig. 5).
cDNA encoding (S)‑‑reticuline oxidase was first
isolated from a CDNA Iibrary constructed from
elicited cell‑suspension cultures of California
poppy (Eschscholtzia californica) (Dittrich and
Kutchan, 1991). (S)‑Reticuline oxidase, which is
called the berberine bridge enzyme [(S)‑reti‑
culine:oxygen oxidoreductase (methylene‑bridge‑
forming), EC 1.5.3.9], is a vesicular enzyme that
catalyzes the formation of the berberine bridgehead
carbon of (S)‑ scoulerine from the N‑ methyl carbon
of (S)‑reticuline (Kutchan and Dittrich, 1995). (S)‑
Scoulerine is the biosynthetic precursor of a multi‑
similarity to

45.2% and 36.5%,

respectiVely'

tude of species‑specific protopine, protoberberine,
and benzophenanthridine alkaloids. The Arabi‑
dopsis Genome Project identified 12 Arabidopsis

genes with sequence similarity to (S)‑reticuline
oxidase, suggesting that Arabidopsis
may produce
alkaloids (Arabidopsis Genome Initiative, 2000).
However, the amino acid sequence encoded by CA1
is similar to the
sequence from residues 100‑

cDNA

252 of California poppy (S)‑reticuline oxidase, but

a remarkable level of dissimilarity in the
remaining sequence. Carrot may have more than
five genes that can hybridize with CAI cDNA (Fig,
there

is

possible that a gene other than CAI in the
carrot genome encodes the real (S)‑reticuline oxi‑
6). It is
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Tdcl family inserted into several differing positions

CA1
E

P

ABABAB

(kbp)
23.1

H

‑

9.4

in the

genomes of a colored

and the colorless parent cell line in carrot. Genetic
alteration may be attributed to several events that
cause somaclonal and culture variations in cultured
plant cells. It is proposed that the movement of
transposable elements may constitute one of the
events causing genetic alteration in somaclonal and

6.6=

culture variations.
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Tdcl family into one or more of the (S)‑reticuline
oxidase‑ Iike gene(s).
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